Recently, we introduced a novel hybridization route for carbon nanotubes using gold nanoparticles, whose close proximity neatly enhances their radiative emission. Here we investigate the mechanisms behind the enhancement by monitoring the de-excitation dynamics of our π-hybrids through two-color pump-probe time-resolved spectroscopy. The de-excitation process reveals a fast component and a slow component. We find that the presence of gold prominently affects the fast processes, indicating a stronger influence of the gold nanoparticle on the intra-band non-radiative relaxation than on the inter-band recombination of the single-walled carbon nanotube. By evaluating the de-excitation times, we estimate the balance between nearfield pumping and the faster metal-induced de-excitation contributions, proving the enhanced pumping to be the leading mechanism.
Introduction
Since the observation of their band gap photoluminescence (PL), semiconducting single-walled carbon nanotubes (SWNTs) have emerged as promising candidates for applications in photonics, optoelectronics, nanoelectronics, and biological imaging [1] . Each nanotube species, uniquely identified by the chiral vector c=(n 1 , n 2 ), can be seen as a specific material on its own, with its unique values of the excitation and emission energies [1] , offering a broad set of materials for targeted applications. However, their low PL quantum yield, typically below 1% (and above only in exceptional cases) thwarts their widespread use in optical devices [2, 3] . To overcome this limit we introduced a new hybrid system to enhance their optical response. The π-hybrids, as we refer to them, are produced by swelling the micelles suspending gold nanorods (AuNRs) and encapsulating the SWNTs within. We termed them π-hybrids highlighting that the close proximity between the gold and the tubes affects primarily the π-bonds of the carbon network, which are known to dominate optical processes in SWNTs [4] . The presence of the metal boosts the emission of the hybrids -up to 20 times stronger than pristine tubes [5] . Other systems, such as SWNTs dropcasted on rough Au surfaces, have demonstrated enhanced SWNT emission as well [6] . In that work, it was concluded that the mechanism behind the enhancement for the tubes on the Au surface was the radiative lifetime shortening of the excited state. Here we demonstrate that in our colloidal systems, where every single SWNT is homogeneously exposed to the near-field from the metallic particles and not just the fraction randomly placed onto the surface plasmonic hotspot, this is not the dominant contribution to the enhancement process.
The interaction with different, more complex superstructures and their strong plasmonic modes, e.g. cavities based on plasmonic lattices obtained by e-beam lithography, have been shown to give rise to strong exciton-plasmon interactions and tunable Rabi-splitting of the cavity polaritonic modes [7, 8] . While highly promising for optoelectronic purposes, such top-down systems lack integrability within systems of biological relevance, where colloidal metallic nanoparticles have shown to be a better choice [9] . Here we focus on the effect of the interaction when an isolated metallic particle interacts with a nanotube.
One important parameter governing the phenomenology of their interaction is the emitter-metal separation [6, 10] . Indeed, two different regions are formed around a nanometallic particle subjected to optical irradiation: the near-and the far-field region (highlighted as NF and FF in the sketch of figure 1(a) ). In the near-field region (typically extending few nanometers around the metallic surface) the evanescent wave strongly squeezes in space along with an enhancement of the intensity of its electromagnetic field. In the far-field region we find the propagating component of the electromagnetic radiation scattered from the metallic particle. An emitter placed in the position labeled as (NF) in figure 1 will sense the plasmonic near-field, whereas an emitter placed in position (FF) will mostly sense the propagating component of the electromagnetic radiation, which can destructively or constructively interfere with the radiation generated by the emitter, yielding a net quenching or enhancement of the emitter's yield. These interference effects, though, occur for separations of the order of the metal particle radius or even bigger [10] . While they give rise to the enhancement of the SWNTs observed emission [11] , they are negligible for the AuNR-SWNTs separations of our π-hybrids.
Generally, it is possible to depict the properties of the optical process through a simple 3-level system (see figure 1(a) ). The system at equilibrium is in its ground state. Upon excitation, it will populate the level that we label as E 22 for consistency with the standard nanotubes notation. From there, the system will undergo a fast nonradiative thermalization to the state labeled as E 11 , from which it can de-excite both radiatively and nonradiatively. Please note that there could be additional states located between E 11 and the ground Figure 1 . Schematic depiction of the distribution of the electromagnetic field around a small metallic nanoparticle (AuNR). The localized near-field is highlighted in red while the scattered, propagating component is green. Beyond the intrinsic excitation (E 0 ) and de-excitation (γ r and γ nr ) pathways (a), the AuNR introduces additional excitation (E m ) and de-excitation pathways (γ m ) due to the near-field interaction (b). Additional interferential terms (γ k-k ) are due to the interaction with the far-field (c).
state, causing additional de-excitation channels. They are taken in account by estimating the total lifetime of E 11.
The balance between these processes can result in different phenomenologies, ranging from enhanced optical response to total quenching. For emitters with low quantum yield and under weak illumination, its been shown that the emission is maximally enhanced by placing the emitter in the close proximity of the metallic surface [12] , while competing quenching effects plays no significant role [13] . In such a lossy regime the enhancement factor Φ ascribed to proximity effects is determined by the balance between two contributions: the stronger pumping F exc and the faster de-excitation F rad [6, 10, 11] :
exc rad Figure 1 (b) provides a simplified sketch of the metalinduced changes in the optical process. The first term F exc of equation (1) takes into account the stronger pumping due to the locally enhanced plasmonic field in the proximity of the metallic surface in the transition from the ground state to E 22 of figure 1(b):
whereas the second term F rad takes into account the metalinduced change in the de-excitation lifetimes in the transition from E 11 to the ground state depicted in figure 1(b) [11] : is the emitter lifetime in the presence of the metal. The black arrows in figure 1(b) indicate the intrinsic processes of the free emitter: E 0 is the excitation rate while γ r and γ nr are, respectively, the radiative (continuous line) and non-radiative (dashed line) de-excitation rates. Once the emitter interacts with the metal, additional excitation (E m ) and de-excitation (γ m ) pathways arise. Note that we neglect the term labeled as γ k-k in figure 1(c), which accounts for the interference effects in the far-field region.
In our previous works [5, 14] , we had concluded that the key to efficient enhancement was the tube-gold proximity. To gain a deeper insight and identify which mechanism most efficiently contributes to the enhancement, here we account for the separate contributions from the stronger pumping and from the faster de-excitation occurring in equation (1) . With this aim, we employ time resolved spectroscopy to monitor the de-excitation of our π-hybrids.
Experimental details and sample preparations
The SWNTs, produced by the CoMoCAT methods, were purchased from SWeNTs (SG 76). Hydrochloric acid (>99.5% HCl, 37wt% in water) was purchased from Carl Roth, and sodium oleate (NaOL, >97.0%) from TCI. All other chemicals (Hexadecyltrimethylammonium bromide BioUltra, hydrogen tetrachloroaurate trihydrate (HAuCl 4 ·3H 2 O, >99%), L-ascorbic acid (>99%), silver nitrate (AgNO 3 , >99%), sodium borohydride (NaBH 4 , 99%)) were purchased from Sigma Aldrich. The vessels were new and have been cleaned by sonication before use. We used ultrapure water (MilliQ). All the synthetic steps were carried out at 29°C in a water bath.
Our AuNRs were synthesized according to the method developed by Ye et al using a CTAB-NaOL binary surfactant mixture. It is a seed-mediated two-step process, requiring first the formation of the Au nano-seeds and then their controlled growth into the AuNRs [15] . The seeds were synthesized by adding 1 ml of freshly prepared cold NaBH 4 (6 mM) to a 10 ml HAuCl 4 (0.25 mM) and CTAB (0.1 M) solution. They were then left undisturbed for 30 min before further use. To promote the growth of the seeds into rods, we added 0.48 ml of AgNO 3 (4 mM) solution to 10 ml of a CTAB-NaOL mixture, containing 8.1 mM NaOL and 47 mM CTAB. After 15 min of stirring, we added 0.5 ml HAuCl 4 (10 mM) to trigger the prereduction phase. The solution was then gently stirred for 90 min at 29°C. Next, we added 60 μl of HCl (37%) to adjust the pH value. After further stirring of 15 min, we injected 25 μl ascorbic acid and 8 μl of the seed solution to start the growth process. The solution was left undisturbed for 12 h.
We then prepared two different samples: the pristine tubes (without any gold, as a reference sample) and the π-hybrids. The samples were produced following the procedure detailed in our previous publications [5, 14] . The π-hybrids used in this work were produced by adding 210 μl of uncoated CNTs solution (0.1 g l −1
) to 1 ml of the gold suspension. The mixture was stirred for a week. It was left undisturbed for 3 d and the supernatant was used for the experimental characterization. The synthesis relies on the micelle-encapsulation technique, which requires adding uncoated SWNTs into a water sample containing AuNRs. The technique ensures that all the nanotubes introduced within the samples are in the close proximity of gold. In order to avoid tube-tube interaction and tube precipitation, we moreover work at low nanotubes concentration [5] . This ensures negligible nanotubes loss and similar chiral species distribution between the pristine and the hybrids samples (see figure 2(c) ).
Continuous-wave excitation PL characterization of the samples was performed with a nanolog spectrofluorometer from Horiba, equipped with a xenon lamp and a liquid-nitrogen cooled InGaAs detector. The absorption spectra were acquired through a Perkin-Elmer Lambda 950 double-beam spectrophotometer with detector optics that can be compensated to take in account the samples optical density or thickness.
The time resolved measurements were carried out with a pump-probe setup, whose detailed description is given in [16] . We pumped our samples with the fundamental beam of a Ti:Sapphire femtosecond laser (wavelength 800 nm, repetition rate 1 KHz, pulse width of around 100 fs). The probe beam at 1100 nm was generated through an optical parametric amplifier. We selected the probe beam with a band-pass filter centered at 1100±2 nm and bandwidth of 50 nm. The transient absorption signal was detected with a Thorlabs DET20C/M InGaAs biased detector connected to a Stanford Research Systems model SR830 DSP lock-in amplifier to select and amplify the probe signal at the pump chopping frequency. The time decays have been fitted with a double exponential decay curve signals deconvoluted with the instrumental response function (IRF, 100 fs). Indeed, any light signal we observe (I obs ) is time convolution of the true profile (I true ) and the IRF. By knowing the latter, it is possible to retrieve the true profile through a common algorithm based on the method of least squares iterative reconvolution. This methodology has been proven to allow us to estimate decay times 10 shorter than the IRF itself. For further details on the technique, please refer to [17] [18] [19] .
We kept the laser fluence as low as possible ( 6×10 12 photons cm −2 pulse −1 ) to ensure detectable signals while avoiding complex multi-exciton phenomena [20] .
Results and discussion

Morphology
The optical and morphological properties of the plasmonic nanoparticles used in this work are depicted in figures 2(a), (b). Our gold nanoparticles exhibit transverse and longitudinal plasmon resonances, respectively, at 550 and 920 nm. SEM analysis reveals a small polydispersion in the gold nanoparticles' morphology. The majority (approx. 85%) of the particles are rods, 15 nm wide and 70 nm long. We will refer to them as AuNRs for the rest of this manuscript.
Continuous-wave spectroscopy
Figures 2(c), (d) display the SWNTs absorption spectra in the pristine (black, continuous) and π-hybrids (blue, dashed) samples. Please note that the SWNTs' absorption bands are at least one order of magnitude weaker than the plasmon ones. With standard experimental routines, no difference would be detectable between the absorption spectra of the π-hybrids and the one of the AuNRs. To evaluate the contribution of the SWNTs in the absorption spectra of the π-hybrids, we exploited the fact that our spectrophotometer has the two separate beams, one for the blank and the other for the sample channel. We thus placed a cuvette with the AuNRs along the blank beam line and a cuvette with the π-hybrids along the sample line. The comparison between the two beams provides the SWNTs absorption bands. The intensity of the two beams can be independently adjusted and compensated to take in account differences in the optical densities of the blank and sample channels. This fine-tuning in the comparison between the two channels let us measure the relative contribution of the nanotubes in the absorption spectrum of the hybrids. The absorption spectra of pristine tubes have been acquired following the standard procedure, placing a cuvette filled with water along the blank channel. After hybridization, we observe a decrease of the band associated with small-diameter tubes and an increase of the one associated with bigger diameter tubes. The full-width at half maximum of all the bands increased as well.
We moreover conducted 2d excitation-emission measurements to identify the tubes present in our samples [1] and their hybridization-induced enhancement factors. Figures 3(a), (b) show the PLE maps. Each spot represents an individual SWNT species. The luminescence enhancement factors (reported in table 1) range between 1.3 and 4.8. The strongest enhancement occurs for the nanotubes species whose excitation window matches the TP resonance of the AuNRs, in particular the (7, 6) and the (8, 4) species. Interestingly, the highest enhancement has been observed for nanotube species red-shifted with respect to the absorption maximum. This is consistent with similar observations in simple molecular systems [21] and in covalently functionalized carbon nanotubes [22] . Please note that, while the TP resonance of our AuNRs occur in the excitation window of some of our SWNT species, the LP modes, with their longer wavelengths, are out of the excitation window of our SWNTs and do not contribute to the enhancement process. As mentioned before, we need to monitor the behavior of nanotubes outside the plasmon resonance window to ensure the detuning condition. The most suitable candidates for this purpose are the tubes belonging to the laola 7 family with index q=25 (i.e. the (12, 1), (11, 3) , and (10, 5), see figure 3(a) ), which satisfy the plasmon detuning condition and match resonantly with the wavelength of our pump laser. In particular, we monitored the response of the single (12, 1) species, whose emission lies within the spectral region of our probe beam. Figure 3 compare the emission intensities before and after hybridization. The resonance window of the nanotubes does not spectrally shift after hybridization: changes in intensity thus directly relate to changes of the emission yield of the π-hybrids. The enhancement factors are summarized in table 1.
Time-resolved spectroscopy
Upon optical excitation, SWNTs undergo a de-excitation process with a fast and a slow component [23, 24] . The fast part takes place on a timescale of hundreds of femtoseconds up to 1 ps whereas the slow part develops over a scale of few tens of picoseconds. Such a double-exponential trend is observed in amorphous carbon nanoparticles as well, where the involved time constants are greater by one order of magnitude [25] . In SWNTs, the fast component is ascribed to the relaxation processes that thermalize the system at the bottom of the first excited state. This process is nonradiative. Its equivalent in the simplified Jablonski diagram of figure 1(b) is the transition from E 22 to the bottom of E 11 . The slow component, on the other hand, corresponds to the transition from the bottom of E 11 to the ground state. This part can include radiative and non-radiative de-excitation pathways. To monitor the temporal response of an excited system, one can resort to either pump-probe transient-absorption or to time-resolved PL spectroscopy. It is worth pointing out that the two techniques are inherently different, as they monitor different physical quantities: time-resolved PL spectroscopy monitors the population change in the emissive state and provides an estimation of the radiative lifetime. Pump-probe transient absorption spectroscopy, on the contrary, follows the system de-excitation through all pathways, radiative and nonradiative, determining the total lifetime of a certain level. In our case, transient absorption monitors the whole process, starting from the E 22 -to-E 11 thermalization (the fast, nonradiative process) up to the de-excitation from the E 11 to the ground state (the slow process, through radiative and nonradiative channels). Time-resolved PL, on the contrary, monitors the only radiative events that start from E 11 . Please note that also in time-resolved PL experiments double-exponential behaviors are observed but occurring on bigger timescales than the phenomena in transient absorption. Their origin requires considering the excitonic response of the nanotubes [20, 26, 27] . As a matter of fact, the low-dimensionality and efficient suppression of dielectric screening makes the excitonic binding energies in SWNTs remarkably high (hundreds of meV and more) [28, 29] , so that their optical spectra are ruled by excitons [30] . The double-exponential trend observed in time-resolved experiments is due to the balance between dark and bright excitonic states [20, 26, 27] . Thus, the decay times estimated by the two techniques are not directly comparable.
In this manuscript, we monitor the total lifetime of E 11 and its changes arising from the additional de-excitation pathways (radiative or non-radiative) due to the metal presence. The most appropriate technique is thus transient absorption.
For consistency sake with the most recent investigations by two-color pump and probe of the carbon nanotubes response [24, 31] we adopt the notation by Dyatlova et al when referring to fast (intra-band) and slow (inter-band) components of the decay. We emphasize that those are not the fast and slow components observed in time-resolved PL experiments, which are instead due to the balance between bright and dark excitonic states and occur on longer time scales than the ones monitored here. The slow component of our transient absorption spectra τ slow carries the information about the total lifetime through all, radiative and nonradiative, de-excitation channels and corresponds to τ 0 in equation (3). This slow component changes when interacting with gold, giving τ m in equation (3) .
The investigation needs to be performed in the detuned configuration, avoiding overlap between the tubes and gold energy bands to get rid of spurious effects [32] . The detuning configuration is warranted because, at resonance with the plasmon frequencies, the strong local enhancement of the electromagnetic field could alter the energetic structure of tubes, for example resulting in hybridized plasmon-exciton states or even more complex phenomena. To this purpose, among the different possible nanotube species, each described by its characteristic chiral vector (n 1 , n 2 ) and its unique values of the band-gap [1] , it is important to select a species lying outside the plasmonic window of the metallic particles. We monitor the response of the (12, 1) nanotube, which satisfies the de-tuning requirement and can be resonantly excited with the fundamental beam of our pump laser (Ti:Sa laser, 800 nm). Please note that that altering the size of the metallic nanoparticles would cause a shift of the spectral position of the plasmonic bands and break the detuning condition as well.
We monitored the dynamics of our system with a two-color pump-probe system, according to the configuration established by Dyatlova et al [24] . The de-excitation dynamics of our samples follow a double-exponential behavior, exhibiting a fast, sub-picosecond component (τ fast <1 ps) and a slow component of several picoseconds (τ slow >10 ps), see figure 4 (a). The obtained lifetimes are consistent with the values previously reported in literature [20, 24] .
The lifetimes of our π-hybrids are shorter than the ones of pristine nanotubes, see figures 4(b)-(d). This is consistent with experimental observations in analogous but simpler nanometal-emitter hybrid systems, e.g. dyes attached to gold nanoparticles, where the dye lifetime shortens after interacting with the metal [33] .
However, nanotubes are more complex than simple fluorophores. They exhibit a fast component, during which the system undergoes a nonradiative thermalization, and a slow component, during which radiative and non-radiative interband recombination occurs. Both regimes can easily be identified in figure 4(a) .
The trend of the fast and slow time constants for pristine samples and π-hybrids are reported in figures 4(c), (d) . τ fast goes from (370±20) fs for pristine SWNTs to (180±40) fs for the π-hybrids. Similarly, τ slow goes from (16±3) ps for the pure sample to (12±5) ps for the π-hybrids. After hybridization, the fast decay component changes = In figure 4 (b) we compare the first few picoseconds of the de-excitation process to highlight the speeding up of the hybrid fast-process. Our experimental results clearly show that the presence of gold nanoparticles shortens the slow and, even more acutely, the fast relaxation times of the SWNTs. Note that no signal can be detected from the transient response of a pure AuNRs suspension within our pump window. The response is either too weak or too fast to be disentangled from the IRF.
These observations are consistent with the overall trend observed previously where the relaxation times were found to be slower in isolated SWNTs versus SWNT bundles or SWNT-polymer mixtures, indicating that tube-tube or tubeenvironment interactions provide additional decay channels [34, 35] . While the presence of gold nanoparticles is expected to locally alter the dielectric environment around the SWNTs, thus altering both their electronic [36] and phonon band structure [37, 38] , the exact mechanisms behind the influence of the gold nanoparticles on the SWNTs await elucidation via further experimental and theoretical work.
Obtaining an estimation of the decay times lets us evaluate the contribution of the two terms of the quantum yield of our system, allowing us, for the first time in such systems, to disentangle whether the enhancement is mainly due to stronger pumping or faster de-excitation (equations (1)- (3)). By inserting the experimental time constants into equation (3), we obtain that the lifetime-change term contributes to the enhancement with a value F rad =(0.7±0.3). This implies that the local-field contribution is F exc =(3±1). Note that our estimate of F rad might be biased by the neglect of Joule losses that are candidate nonradiative decay channels in plasmonic systems [39] .
The stronger emission from our π-hybrids is not governed by the faster de-excitation, as previously observed for SWNTs dropcasted onto rough Au surfaces [6] . We instead find that the stronger pumping due to the localized plasmonic near-field actually drives the enhancement, compensating the nonradiative losses from the metal. We believe that this due to the homogeneous exposure of the SWNTs to the plasmonic near-field ensured by the micelle encapsulation, rather than the less-controllable match with the plasmonic hot-spots of the rough metallic surfaces. This finding is highly relevant for the improvement of the enhancement process, indicating that the parameter to tailor for improving the efficiency of the π-hybrids' enhancement process is the intensity of the nearfield localized around the surface of the metallic particles.
Conclusion
We performed two-color pump-probe measurements to investigate the decay dynamics of carbon nanotubes in the close vicinity of gold nanoparticles. We observe an overall speeding up of the de-excitation dynamics due to the metal proximity. The emission-enhancement of our π-hybrids is mainly driven by the stronger pumping through the localized plasmonic nearfield rather than by the additional de-excitation pathways due to the metal presence. These findings provide a guide for efficient fabrication of further enhanced π-hybrids and stimulate further studies of the microscopic mechanisms behind the near-field interactions. To fully exploit the enhancement potential of the SWNTs, we will resort to a rational design of tailored metallic nanoparticles with increased intensity of the near fields localized around them. Structures with more singular morphologies-such as pyramids or nanostars-are promising candidates in this regard.
